Phytophthora root rot of soybean, caused by Phytophthora sojae, is one of the most important diseases in the Midwestern United States, and is estimated to cause losses of up to 1.2 million metric tons per year. Disease may also be caused by P. sansomeana; however, the prevalence and damage caused by this species is not well known, partly due to limitations of current diagnostic tools. Efficient, accurate, and sensitive detection of pathogens is crucial for management. Thus, multiplex qPCR and isothermal RPA (recombinase polymerase amplification) assays were developed using a hierarchical approach to detect these Phytophthora spp. The assays consist of a genus-specific probe and two species-specific probes that target the atp9-nad9 region of the mitochondrial genome that is highly specific for the genus Phytophthora. The qPCR approach multiplexes the three probes and a plant internal control.
The RPA assays run each probe independently with a plant internal control multiplexed in one amplification, obtaining a result in as little as 20 mins. The multicopy mitochondrial genome provides sensitivity with sufficient variability to discern among different Phytophthora spp. The assays were highly specific when tested against a panel of 100 Phytophthora taxa and range of Pythium spp. The consistent detection level of the assay was 100 fg for the qPCR assay and 10 pg for the RPA assay. The assays were validated on symptomatic plants collected from Michigan (U.S.) and Ontario (Canada) during the 2013 field season, showing correlation with isolation. In 2014, the assays were validated with samples from nine soybean producing states in the U.S. The assays are valuable diagnostic tools for detection of Phytophthora spp. affecting soybean.
Phytophthora root and stem rot of soybean is one of the most prevalent and widely distributed soybean diseases, causing reduced yield and worldwide estimated losses of ca. 2.3 million metric tons per year (Erwin and Ribeiro 1996; Wrather et al. 2010) . Phytophthora sojae, the main causal agent of this damaging disease, was initially reported in the mid-1950s in the Midwest region of the United States (Kaufmann and Gerdemann 1958) , and has since become a major concern for soybean production causing annual estimated losses of 1.2 million metric tons (Wrather et al. 2010) . P. sojae is an oomycete pathogen that survives in the soil as oospores. Under optimal conditions, oospores germinate and infect seeds and roots, causing seed rot and damping-off of seedlings. P. sojae may also cause root and stem rot that results in wilting and plant death. While the typical brown to purple water-soaked lesions on the stem appear mid to late season on infected plants, early season infection may also result in an uneven plant stand and possibly require replanting (Bienapfl et al. 2011; Dorrance et al. 2009 ).
Disease symptoms such as root rot, wilting, and seedling dampingoff at early plant development stages are not distinguishable from those caused by other soil-borne pathogens, such as Pythium, Rhizoctonia, and Fusarium spp. (Rizvi and Yang 1996) . Without the presence of the stem lesion that occurs midseason, the diagnosis of Phytophthora root rot requires laborious isolation and identification of the causal agent. However, isolation of the pathogen at early stages is often challenging and lengthy due to the slow growth of P. sojae and secondary colonization by other fungi and oomycetes on the plant tissue that outgrow P. sojae on the medium. Confounding diagnosis further, a new oomycete species was reported as a soybean root pathogen in the early 1990s, but not formerly described until 2009 as P. sansomeana (Hamm and Hansen 1981; Hansen et al. 2009; Malvick and Grunden 2004; Reeser et al. 1991) . P. sansomeana is a homothallic pathogen that causes damping-off of soybean, but also infects a broad host range such as corn, Douglas-fir, alfalfa, and some weed species (Hansen et al. 2009; Malvick and Grunden 2004; Zelaya-Molina et al. 2010) . In contrast to P. sansomeana, P. sojae has a very narrow host range with soybean as the main host (Erwin and Ribeiro 1996) and is classified in clade 7b along with P. cinnamomi, P. vignae, and P. niederhauserii, which is different from P. sansomeana in clade 8a grouping with P. cryptogea, P. drechsleri, and P. medicaningis O'Brien et al. 2009 ). In addition, P. sansomeana has not been associated with cultivar specificity, unlike P. sojae, where pathotypes have been established based on cultivars with specific resistance genes (Hansen et al. 2012) . The similar symptoms caused by other Phytophthora spp. and other oomycetes in soybean seedlings complicates diagnostics, reinforcing the need for an accurate and sensitive assay to diagnose these causal agents.
Detection of Phytophthora spp. for diagnostic purposes in the field and/or laboratory has focused on the use of enzyme-linked immunosorbant assays (ELISA) for an initial and rapid assessment of diseased plant samples. The ELISA detection assay from Agdia Inc. employs polyclonal antibody against Phytophthora spp. with limited sensitivity (O'Brien et al. 2009 ). ELISA sensitivity threshold for different Phytophthora spp. was reported at 0.1 ng of freeze dried mycelia (Bowman et al. 2007 ). ELISA is less specific than PCR, due to cross-reactivity with other oomycetes, such as Pythium, a common root rot seedling pathogen of soybean (Agdia 2016; O'Brien et al. 2009; Wrather et al. 2010) . The lack of species-specific detection results in limited diagnostic capability and limits specific management recommendations, such as use of resistant varieties or seed treatments, and our knowledge of the prevalence of P. sansomeana as a soybean pathogen. In addition to ELISA, conventional PCR and qPCR are two of the main approaches broadly used to diagnose and quantify plant pathogens. Wang et al. (2006) developed a P. sojae conventional PCR assay targeting the internal transcribed spacer (ITS) of the ribosomal DNA (rDNA). The same primer set for P. sojae was also adapted in a SYBR Green assay for pathogen quantification with a claimed detection level of 1 fg of genomic DNA; however, the assay showed limited specificity when challenged with multiple Phytophthora spp. (Bienapfl et al. 2011; Wang et al. 2006) . Bienapfl et al. (2011) developed a second assay for conventional PCR and qPCR. This assay targeted the ITS region of the rDNA, with a sensitivity of 10 pg in conventional PCR and 1 pg when used in a SYBR Green qPCR assay. Catal et al. (2013) reported a detection level of 10 fg for the same assay. However, specificity of the assay was only challenged with a limited number of Phytophthora spp., including some species from Clade 7.
The availability of isothermal DNA amplification techniques has opened a new field for the development and application of diagnostics for plant pathogens (Fukuta et al. 2013 (Fukuta et al. , 2014 Hansen et al. 2016; Kubota et al. 2008; Li et al. 2015; Miles et al. 2015; Yan et al. 2014 ).
The isothermal techniques present a new framework, where rapid and simple detection of pathogens can be made since the reaction is incubated at constant temperature, thereby simplifying required instrumentation. As a consequence of minimal requirements, isothermal diagnostic methods could be conducted directly in the field. An example of this is loop-mediated isothermal amplification (LAMP), which is mediated by a set of four primers that form hairpin-like structures that facilitate amplification (Yan et al. 2014) . Dai et al. (2012) developed a P. sojae LAMP assay that targets a transposonlike element in the promoter region of the virulence gene Avr3a, which is a unique element of the P. sojae genome. The specificity of this LAMP assay was tested against 10 Phytophthora spp. and Pythium ultimum and the sensitivity of this assay on pure genomic DNA was established at 20 pg. To the best of our knowledge, no assays, either qPCR or isothermal, have been developed to detect P. sansomeana.
The recent development of a hierarchical approach of Phytophthora genus-and species-specific qPCR assays based on mitochondrial genes by Bilodeau et al. (2014) provides a novel system for diagnostics. This approach utilized two loci, one for the purposes of amplifying all Phytophthora spp. (trnM-trnP-trnM), and the other one capable of genus-and species-specific detection (atp9-nad9). This resulted in the development and validation of two genusspecific assays and species-specific TaqMan probes for 13 Phytophthora spp. plus the P. citricola complex. The same approach also can be further utilized to design unique probes for many Phytophthora spp. as demonstrated by Miles et al. (2017) . Miles et al. (2015) adapted the marker system to work with an isothermal technique known as recombinase polymerase amplification (RPA, TwistDx Ltd., Cambridge, U.K.), which produces results in little as 15 min. The RPA is an isothermal-based technique where annealing and amplification occur at the same temperature (any temperature between 39 and 42°C), eliminating temperature-based specificity. The process starts by forming a primer-enzyme complex, which consists of a recombinase and primers (optimal size of 30 to 35 bp), that recognizes homologous regions on the target DNA, resulting in the formation of a replication loop on the double stranded DNA. This process is aided by the binding of single-strand binding proteins, leading to the amplification by DNA polymerase, which also recognizes and binds the homologous region. Fluorometric RPA assays, like the ones developed in Miles et al. (2015) , utilize highly modified probes during this amplification that are partially cleaved at the abasic site analog tetrahydrofuran (THF) by an endonuclease type VI, releasing the fluorophore and displacing the 3¢ side of the probe that contained a C3 spacer block. Therefore, the 5¢ end of the probe becomes a primer also used during the amplification process (Piepenburg et al. 2006; Yan et al. 2014) . The RPA assay is similar to conventional PCR achieving exponential endpoint amplification. However, RPA assays are more tolerant of contaminants present than conventional PCR assays, making them more robust on crude samples. Furthermore, these assays typically occur within a 20 min timeframe as opposed to 2 h for a typical PCR assay. Miles et al. (2015) developed a genusspecific assay for Phytophthora spp. and two species-specific assays (P. ramorum and P. kernoviae), showing the flexibility of this system for designing assays for Phytophthora spp.
To improve diagnostic assays available for P. sojae and P. sansomeana, we built upon the approaches described by Bilodeau et al. (2014) , Miles et al. (2015) , and Miles et al. (2017) . The objectives of this research were to: (i) develop a robust, sensitive, and specific multiplex qPCR assay for P. sojae and P. sansomeana at speciesspecific level; (ii) design a species-specific RPA assay for both P. sojae and P. sansomeana; (iii) evaluate the cross-platform transferability of the assays; and (iv) validate the field application of assays with paired plant and soil samples collected in 2013 and 2014.
Materials and Methods
Phytophthora sojae and P. sansomeana isolates. Isolates were obtained from diseased soybean seedlings using a semiselective medium CMA-PARPB (Jeffers 1986 ) as part of a 12-state survey (2011 and 2012) to identify oomycete species causing soybean seedling diseases (Rojas et al. 2017a, b) . Additional isolates for both species were obtained from the World Phytophthora Genetic Resource Collection (University of California, Riverside), Embrapa Trigo (Passo Fundo, RS, Brazil), and Dr. Everett Hansen at Oregon State University to account for genetic variability across geographic locations and hosts (Supplementary Table S1 ). Isolates were grown and maintained on semiselective CMA-PARPB medium. Mycelia were grown in clarified V8 juice broth (100 ml of clarified V8 juice, 1 g of CaCO 3 , and 900 ml of water) for 5 days, then harvested and lyophilized for DNA extraction. Freeze-dried mycelia were ground and 40 mg of ground mycelia were used for DNA extraction with DNeasy Plant Mini Kit (Qiagen, Valencia, CA). DNA concentration and quality were evaluated with a Nanodrop ND-1000 (Thermo-Fisher Scientific, Waltham, MA).
qPCR probe design for P. sojae and P. sansomeana. The mitochondrial locus atp9-nad9 was used to design the species-specific probes due to the interspecific polymorphisms across a range of taxa (Bilodeau et al. 2014; Miles et al. 2017 ). The locus atp9-nad9 was amplified and sequenced using the primers Nad9-F and Nad9-R (Table 1) described by Martin et al. (2014) for all the P. sojae and P. sansomeana isolates. The target locus was amplified in a 25 ml reaction volume containing 1× DreamTaq Buffer (Thermo Fisher Scientific), 200 mM dNTPs (Life Technologies, Carlsbad, CA), 0.2 mM of Nad9-F and Nad9-R primers (Table 1) , 0.1 mg/ml BSA, and 1 unit of DreamTaq polymerase (Thermo Fisher Scientific). Thermal cycling consisted of denaturation at 95°C for 3 min; 35 cycles at 95°C for 1 min, 61°C for 1 min, and 72°C for 1 min; and final extension at 72°C for 10 min. Products were visualized on 1% agarose gels stained with ethidium bromide. Amplification products were cleaned using 3U/reaction of Exonuclease I (ExoI, Thermo Fisher Scientific) and 0.5U/reaction of Shrimp alkaline phosphatase (SAP, Thermo Fisher Scientific) and incubated at 37°C for 40 min. Treated PCR products were submitted to Macrogen USA for sequencing (MacrogenUSA, Rockville, MD). Each template was sequenced in both directions, and CodonCode Aligner (CodonCode Corporation, Centerville, MA) was used to assemble, edit, and generate the consensus sequences.
Sequences for P. sojae and P. sansomeana isolates were aligned with MUSCLE in Geneious 4.7.6 (Biomatters Ltd., Auckland, New Zealand) and evaluated for polymorphism at the intraspecies level for design of species-specific probes. In addition, the probe design was refined by aligning P. sojae and P. sansomeana sequences against sequences of 91 valid Phytophthora spp. and 30 putative Phytophthora taxa (Bilodeau et al. 2014 ). Species-specific probes were developed based on highly polymorphic regions using the following parameters: (i) melting temperature 5°C higher than the amplification primers; (ii) 15 to 36 nucleotides in length with no more than two Gs or Cs in the last five nucleotides from the 3¢ end; and (iii) mismatched nucleotides positioned in the center of the probe to avoid secondary structures. Two hydrolysis probes were designed: the P. sojae species-specific TaqMan probe was labeled with HEX at the 5¢ end, an internal ZEN quencher, and 3¢ Iowa Black FQ quencher (IDT, Coralville, IA); and the P. sansomeana species-specific TaqMan probe was labeled with Quasar670 at the 5¢ end, and 3¢ Black Hole Quencher-2 (BHQ-2) (Biosearch Technologies, Inc., Novato, CA).
qPCR conditions for P. sojae and P. sansomeana assay. The qPCR assays were performed on a CFX96 Real-Time PCR Detection System (BioRad Laboratories, Hercules, CA). The qPCR primers employed in this study were adapted from Bilodeau et al. (2014) and the Phytophthora genus-specific TaqMan probe labeled with FAM (fluorescein) at the 5¢ end, an internal ZEN quencher, and 3¢ end Iowa Black FQ quencher (Table 1 ). In addition, a plant internal control and internal control for soil samples were established. For the plant internal control, primers and probe developed by Bilodeau et al. (2014) were also included in the reaction, the probe was labeled at the 5¢ end with CalFluor Red 610 and Black Hole Quencher-2 (BHQ-2) at the 3¢ end. Internal control for soil samples was adapted from Bilodeau et al. (2012) , using the Pythium plasmid pUC96-4 and primers PPF1F and PPF1R, each of them with binding sites for the Phytophthora genus primers PhyG_ATP9_2FTail and PhyG-R6_Tail tailed on, respectively. Internal control was amplified using Phytophthora genus primers PhyG_ATP9_2FTail and PhyG-R6_Tail, the product was cleaned with the exonuclease and phosphatase as described previously, and diluted to 10 -9 (0.2 to 0.3 fg/ml, ca. 1,500 to 2,000 copies). Reactions were performed in a final volume of 20 ml using the Evaluation of qPCR sensitivity and specificity. The assay specificity was tested against a panel of 110 Phytophthora taxa representing all 10 clades, including species closely related to P. sojae and P. sansomeana, that was composed of 96 valid species and 14 provisional species. The panel also included three different subspecies of P. alni (subsp. alni, multiformis, and uniformis), three phylogenetic groups of P. cryptogea (GI, GII, and sp. kelmania GIII), and six phylogenetically distinct species (sp. aff. brassicae-1, sp. aff. brassicae-2, sp. aff. colocasiae-1, sp. aff. erythroseptica, sp. aff. siskiyouensis, cinnamomi var. robiniae, and citricola clade E). All Phytophthora isolates were obtained and are available from the World Phytophthora Genetic Resource Collection at the University of California, Riverside (Supplementary Table S5 ). In addition, 21 Pythium spp. and Phytopythium vexans were included in the panel to validate the specificity. DNA was diluted to 1 ng/ml and used in the assay.
A 10-fold serial dilution of P. sojae (isolates IASO_8-13.10 and IASO_3-41.17) and P. sansomeana (isolates V-KSSO2_3-6 and MICO_3-24) DNA ranging from 10 ng to 1 fg were used as standards to determine sensitivity, establish amplification efficiency, and resolve the limit of detection (LOD). The P. sojae and P. sansomeana total DNA serial dilutions were prepared using 1 ng/ml salmon sperm DNA (Invitrogen) as a carrier DNA to minimize DNA loss through binding to plasticware or degradation. The DNA for the standard curve was quantified using Quant-iT dsDNA high-sensitivity assay kit (Invitrogen). For the real-time qPCR assay, PCR efficiency was calculated with the formula: E = 10 (-1/slope) -1. The LOD was determined following MIQE guidelines (Bustin et al. 2009 ). In addition, the effect of plant DNA was tested in conjunction with the DNA standards; 20 ng of soybean DNA was spiked with the standards to determine the effect of DNA on the assay performance.
Cross-platform validation of qPCR assays. To test the crossplatform transferability of the assay, P. sojae and P. sansomeana total DNA serial dilution standards were assayed independently on three platforms: ABI StepOne Plus (Applied Biosystems, Foster City, CA), Roche LightCycler 96 (Roche Diagnostics, Mannheim, Germany), and Bio-Rad CFX96. All tests were conducted under the same reaction and cycling conditions for all platforms to validate the qPCR assay.
Development of RPA assays for P. sojae and P. sansomeana. Primers (TrnM-F and TrnM-R) and probe (TrnM-P) for the Phytophthora genus-specific assay were developed by Miles et al. (2015) and the sequences are listed in Table 2 . To develop a P. sojae and P. sansomeana species-specific RPA assay, the alignment of the atp9-nad9 region included multiple isolates of both species along with several Phytophthora spp. Primers were designed manually based on the Phytophthora spp. alignment following the recommendations Table 1 . Primers and probes used in this study for sequencing of the atp9-nad9 locus and Phytophthora sojae and P. sansomeana multiplex genus-and speciesspecific qPCR provided in the TwistAmp exo kit (TwistDx, Babraham, Cambridge, U.K.). The assay uses a general Phytophthora forward primer (Atp9-F) located in the atp9 region and species-specific reverse primer (Psojae-nad9-R or Psan-nad9-R) placed in the atp9-nad9 spacer region (Table 2) . Detection was based on a Phytophthora genus-specific probe , which has the following characteristics: 46 to 52 bp long, where 30 bases are on the 5¢, follow by fluorophore (FAM) and quencher (Black Hole Quencher-1, BHQ-1) separated 2 to 4 bases from each other, and a tetrahydrofuran abasic site (THF) replacing a base in between fluorophore and quencher; and finally a C3 spacer block that prevents amplification. When used on plant samples, a plant internal control was also included in the multiplex assay for plant samples. Primers (CoxI-IPC-F and CoxI-IPC-R) and probe (CoxI-IPC-P) were developed by Miles et al. (2015) and their sequences are listed in Table 2 . Primers were obtained from Integrated DNA Technologies, Inc. (Coralville, IA) and probes were synthesized from Biosearch Technologies, Inc. (Novato, CA). RPA amplification conditions for P. sojae and P. sansomeana. Isothermal amplification was conducted using TwistAmp exo kit (TwistDx) and two platforms were used for the RPA assays incubation and detection: Twista (TwistDx) and Smart-DART device (Diagenetix, Inc., Honolulu, HI). The Phytophthora genus-specific RPA reaction was conducted as reported by Miles et al. (2015) ; the reagents and sample volumes are listed in Supplementary Table S3. The reaction mix was then transferred into a TwistAmp exo kit reaction tube containing the lyophilized reagents, and mixed well to dissolve the lyophilized enzymes. To initiate the reaction, 2.5 ml of 280 mM magnesium acetate was placed on the cap, closed carefully, and spun briefly. For the Phytophthora species-specific RPA assay, a 50-ml reaction was set up following the procedure described above. Initiated reactions were incubated at 39°C for 4 min, tubes were removed, mixed by inversion, spun briefly, and placed into the detection unit for 25 min at 39°C. Fluorescence was collected every 20 s following manufacturer's recommendations.
RPA assays sensitivity and specificity. The specificity was tested against the same panel of Phytophthora spp., Pythium spp., and Phytopythium vexans used for the qPCR assay. DNA was diluted to 1 ng/ ml and 1 ml from five species was pooled and tested for specificity. If cross-reactivity was observed, species were tested individually. Sensitivity for the RPA assay was determined with standard serial dilutions ranging from 10 ng to 1 fg prepared as described above. Standard curve plots were constructed based on the log transformed DNA concentration and the onset of amplification threshold (OT) for each concentration. The OT was established using a slope validation, where four time points had an overall slope higher than 30 mV/min.
Collection of field samples and assay field application. To validate qPCR and RPA assays, field samples were collected in 2013 and 2014 from soybean fields with damping-off and root rot symptomatic plants. In 2013, 16 fields across Michigan and Ontario were sampled, and 42 plant samples and 16 composite soil samples were collected (Table 3) . Symptomatic plant samples were plated on semiselective medium CMA-PARPB to isolate P. sojae or P. sansomeana, and plant samples were also tested with a Phytophthora ELISA Kit (SRA 92601; Agdia, Inc., Elkhart, IN). In 2014, extensive sampling was conducted across nine soybean-producing states in the Midwest with collaborators of the USDA-NIFA Oomycete Soybean Coordinated Agricultural Project (Table 4) . A total of 23 fields, consisting of one to three fields per state, were sampled; paired plant and soil samples were collected at each field location, resulting in 73 plant samples and 18 composite soil samples. Samples were transported in coolers and shipped overnight to Michigan State University. No isolations were performed on the 2014 plant samples.
DNA extraction from soybean roots. Collected soybean roots with or without visible symptoms of root rot were washed with tap water and blotted dry with paper towels. Plants from each location were divided into three biological replicates consisting of five plants. Roots of each of the three biological subsamples were cut longitudinally; one half was stored at -20°C for later use with the RPA assay. The second half was air-dried, ground using a Wiley mill (1 mm screen), and then used for DNA extraction. DNA was isolated following the standard USDA-APHIS procedure for P. ramorum (USDA-APHIS 2004) employing Qiagen DNeasy kit (Qiagen).
DNA extraction from soil. DNA was extracted from three soil subsamples per field location using a FastDNA SPIN kit for soil (MP Bio, Solon, OH). Briefly, 400 mg of soil were placed in a lysing matrix E tube, followed by addition of 978 ml of phosphate buffer and 122 ml of MT buffer. Tubes were homogenized in a FastPrep FP120 instrument (MP Bio) at speed 6 for 40 s. DNA extraction was completed according to manufacturer's recommendations. Three independent DNA extractions were done. The recovered DNA was tested with multiplex qPCR assay undiluted and 10-fold diluted. To determine if PCR inhibitors or soil contamination was a problem, 25 ml of DNA were purified using Mag-Bind E-Z Pure kit (Omega Bio-tek Inc., Norcross, GA). The fraction purified by paramagnetic beads was re-evaluated using the multiplex qPCR assay.
Crude extracts from soybean roots and RPA assay. Root samples preserved at -20°C for the RPA assays were further subsampled into 0.5 g of root tissue. Root tissue was placed into plastic mesh sample bags (ACC 00930; Agdia Inc.) with 5 ml GEB2 extraction buffer dissolved according to the manufacturers recommendations (ACC 00130; Agdia Inc.) and macerated with a tissue homogenizer tool (ACC 00900; Agdia Inc.). Crude extracts were collected in centrifuge tubes and frozen at -20°C for later use. Reactions were conducted as mentioned above.
Confirmation of Phytophthora spp. identity. To confirm the identity of Phytophthora spp. detected by the RPA genus-specific assay, but negative for the species-specific assay, amplifications were used to conduct a nested PCR as described by . Briefly, 1 ml of 10-fold dilution of RPA product was used as template, and amplified using primers Nad9_Fseq1 and Nad9Rseq1. Products were evaluated in agarose gel and processed for sequencing as described above.
Results qPCR probe design for P. sojae and P. sansomeana. atp9-nad9 sequences of P. sojae isolates from different geographic origins were aligned to evaluate intraspecific variation of this species across different locations around the world. No differences for this locus were observed among 53 isolates sequenced, which indicates that the assay could be used without limitations to identify P. sojae. A similar approach was carried out with 22 isolates of P. sansomeana, even though this species has only been reported in the U.S. and China. Since we only had access to U.S. isolates and P. sansomeana has been reported infecting different hosts within the U.S., isolates from different host plants were sequenced and aligned. In this case, we observed SNPs that separated P. sansomeana isolates from Douglas-fir and other hosts from those obtained from soybean and corn (Supplementary Fig. S1 and Supplementary Sequence S1). These SNPs were taken into account when designing the probe to allow for detection of P. sansomeana infecting any host. For P. sojae, only one TaqMan probe was evaluated since there was no variation in the isolates observed across the locus, whereas two probes that annealed at different locations of the atp9-nad9 spacer were designed and tested for P. sansomeana (Table 1 and Supplementary Table S4 ). The probe selected for P. sansomeana was able to detect isolates from different hosts, ensuring amplification of all known genotypes. In addition, the Phytophthora genus-specific probe labeled with FAM and the P. sojae species-specific probe labeled with HEX were modified to include an internal quencher, to reduce background signal.
Sensitivity and specificity of qPCR for species-specific. To determine the specificity of the species-specific assays, a panel of Phytophthora spp. representing 96 valid taxa and 14 provisional species across the different clades of this genus, 21 Pythium spp. and Phytopythium vexans were included to test the assay specificity. No amplification was observed from any of the nontarget Phytophthora spp., including those in Clade 7 and Clade 8 where P. sojae and P. sansomeana are contained, respectively. There was consistent amplification of the target sequences from both species and cross amplification was not detected between the speciesspecific assays with the genera Pythium and Phytopythium.
A serial dilution of total DNA of P. sojae and P. sansomeana was used to determine the sensitivity of the assay. A linear correlation of all of the probes tested with the concentration of DNA for the respective pathogen was observed ( Fig. 1 and Supplementary Fig. S2 ), resulting in corresponding amplification efficiencies of 101% for P. sansomeana, 95% for P. sojae, and 96% for Phytophthora genus assay. The LOD for quantification purposes, which is defined by consistent amplification of replicates at the lowest concentration of the standards used, was established for Phytophthora genus (LOD C t = 28), P. sojae (LOD C t = 32), and P. sansomeana (LOD C t = 31). All of these LOD thresholds were established at 100 fg of pure total DNA for the respective species and represented the limit of C t values for accurate quantification, based on MIQE guidelines (Bustin et al. 2009 ) as defined by >95% amplification of samples (100% observed in this study) for the lowest amount of target DNA (Fig. 2) . However, detection can occur above these C t thresholds, indicating the presence of the pathogen at low concentrations (Fig. 2) . In addition, the presence of plant DNA, specifically soybean, did not affect assay performance (Supplementary Fig. S3 ). There was no difference between uniplex or multiplex amplifications; therefore, all the reactions including standards were run under multiplex conditions. For instance, the Phytophthora genus assay had efficiency of 96.5% in uniplex versus 95.6% in multiplex assay, maintaining the assay conditions within MIQE guidelines (Fig. 2) . No evidence of crossreactivity was detected.
Cross-platform validation. Three different qPCR platforms were evaluated using the serial standard diluted DNA for both pathogens to test for assay consistency. Assay conditions were the same across the platforms. Overall amplification efficiencies ranged from 93.1 to 100.8% for the Phytophthora genus assay, from 95.3 to 95.9% for P. sojae, and 100 to 101% for P. sansomeana, indicating minimal variation across platforms (Table 5 ). However, the P. sansomeana probe was not useful with the StepOnePlus system since the fluorophore Quasar670 has a spectral absorption at 650 nm and emission at 670 nm, which is not detected by this system. In all the platforms, the respective software set the C t threshold. The StepOnePlus platform exhibited high background noise that was resolved by adjusting the baseline from cycle 3 to 14.
Field application of qPCR. The developed multiplex assay was used to diagnose soybean seedling samples collected in Michigan and Ontario in 2013 (Table 3) , and across different soybean producing states in 2014, including Arkansas, Iowa, Illinois, Indiana, Kansas, Michigan, Nebraska, North Dakota, and South Dakota (Table 4 ). In 2013, P. sojae was isolated from the soybean tissue collected Fig. 1 . Standard curve for Phytophthora sojae and P. sansomeana total DNA (fg) using the qPCR assay (top panels) and recombinant polymerase amplification (RPA) atp9-nad9 species-specific assay (bottom panels). Total DNA was 10-fold diluted and the sensitivity was determined to be 100 fg (2 log 10 ) for qPCR and 1 pg (3 log 10 ) for RPA. Three technical repeats for each DNA concentration on the qPCR and two technical repeats were used for RPA. from 7 out of 10 sampled Michigan fields; however, no isolates of P. sansomeana were obtained from these field locations (Table 3) . In samples collected from Ontario, P. sojae was isolated from four out of six sampled locations. Subsamples from plant tissue were tested with the Phytophthora ELISA assay from AGDIA. The ELISA resulted in eight positive samples for Michigan and six positive samples for Ontario. However, the Phytophthora ELISA assay did not produce conclusive results with weak reactions below threshold for two samples from which P. sojae were isolated.
The multiplex qPCR assay resulted in amplification of the plant internal control with C t values ranging from 12.6 to 17.3, indicating amplifiable template could be generated from these extracted DNAs, thereby reducing the possibility of false negatives due to amplification inhibition (Table 3) . For the Phytophthora genus assay, C t values ranged from 17.2 to 28.8 with four fields where the pathogen was not cultured but there was a positive qPCR result. The P. sojae assay resulted in C t values ranging from 20.1 to 31.2, in three fields in Michigan that were negative for isolation, but had a positive qPCR result. One Ontario field (ONPS5) was positive for ELISA but Phytophthora was not detected using the molecular assays even though there was a positive amplification for the plant internal control. The rest of the samples were positive for both the Phytophthora genus and P. sojae assay. With respect to the P. sansomeana assay, positive results were not obtained for any of the fields evaluated in 2013.
In 2014, 23 fields were sampled resulting in 73 plant samples evaluated with the multiplex qPCR assay. Amplification of the plant internal control was detected for all of the samples and the Phytophthora genus-specific assay resulted in 21 positive fields with the remaining two samples having no amplification for the Phytophthora genus-and species-specific assays (Table 4) . Among the 21 positive fields for the genus-specific assay, 18 fields were positive using the P. sojae assay, where one sample had a C t of 32, reflecting a low titer of the pathogen. Amplification using the P. sansomeana assay detected this pathogen in plant samples from fields ARPS2_1, ARPS2_2, ARPS2_3, ILPS2_4, and INPS2_2 (Table 4) . Three samples were also positive for P. sojae, indicating the presence of both pathogens in these plants. Only one sample produced amplification for the genus-specific assay, but it was negative for both speciesspecific assays. The DNA sequence of the species-specific amplicon indicates it is an undescribed species similar to Phytophthora megakarya (Supplementary Sequence S2).
Soil samples were collected from the same locations as the plant samples and evaluated using the multiplex qPCR assay to determine the presence of the pathogens. In 2013, three different types of DNA extraction treatments were applied to soil samples: undiluted, 10-fold diluted, and a paramagnetic bead-purified DNA fraction from the undiluted sample (Supplementary Table S6 ). For all the reactions, an internal control was used to determine presence of PCR inhibitors that could affect amplification. Overall, amplification of the internal control was detected in all reactions, but C t values were improved by either diluting samples or using the paramagnetic bead purified DNA as template. With respect to detection of pathogens, the Phytophthora genus-and species-specific assays resulted in detectable amplification (genus assay C t ranging from 25 to 35; species-specific assay ranging from 27 to 37). But most C t values were greater than 30 and above the LODs, so an accurate quantification of the amount of pathogen present in the soil could not be made. Although C t values improved with paramagnetic bead purification, those C t remained higher than 30. A C t below the LOD for P. sojae by the genus-and species-specific assay was obtained only for MIPS9 soil samples following purification with paramagnetic beads. The use of diluted soil DNA as template delayed amplification and increased the C t values in most Fig. 2 . Standard curve for Phytophthora genus, P. sojae, and P. sansomeana on total DNA (fg) using the multiplex qPCR assay. Total DNA was 10-fold diluted and the sensitivity was determined to be 100 fg (2 log 10 ) for qPCR, as >95% (100% observed) of standards amplified consistently as designated by Bustin et al. (2009) . Squares represent Phytophthora genus, triangles represent P. sojae, and circles represent P. sansomeana. a NC = Not compatible due to the use of fluorophore Quasar670 (emission = 670 nm) outside of Step One Plus filter set range (~520 to 610 nm).
cases, except for sample ONPS1, which actually resulted in detectable amplification in comparison with no detection in the undiluted sample. Soil DNA samples from 2014 were further purified with paramagnetic bead purification. These samples revealed a low level of the pathogen with a C t around or higher than 32 cycles (Supplementary  Table S7 ).
Recombinase polymerase amplification. The development of a recombinase polymerase amplification (RPA) species-specific assay for P. sojae and P. sansomeana was based on the alignment noted above for designing the qPCR species-specific assay. The criteria for the selection of the primers was initially based on performance using total DNA, followed by a preliminary specificity test with closely related species. Since primer design for RPA assays are not as straight forward as designing PCR primers, multiple primers were tested for species specificity. In total, 10 reverse primers of different length were designed for P. sojae (Supplementary Table S8) , and evaluated in combination with the general Phytophthora forward primer designed by Miles et al. (2015) . The selected primer Psoj_n9_rev_twexo9 has a length of 29 bp and GC% content of 17.2. In the case of P. sansomeana, only six primers were tested, and the best performing primer was Psan_n9_rev_twexo1 with a length of 35 bp and GC% content of 14.3. Both primers were assessed against the panel of Phytophthora spp., Phytopythium vexans, and Pythium spp., resulting in no cross amplification with any of the nontarget taxa.
To test the sensitivity of the RPA assay, a 10-fold P. sojae or P. sansomeana total DNA serial dilution from 10 ng to 1 pg was tested in independent RPA reactions; DNA concentrations below this level were not detected. The log10 of the onset of amplification, namely the time at which the reaction meets the criteria for the slope validation, was plotted against the log concentration of the total DNA. While the P. sojae RPA assay amplification occurred between 6 and 18 min, depending on the concentration, with an R 2 value of 0.954 (Fig. 1) , amplification for the P. sansomeana RPA assay occurred between 12 and 24 min with an R 2 value of 0.921 (Fig. 1) . The lowest concentration for a positive detection for both assays was between 10 pg to 1 pg.
Field application of RPA genus-and species-specific assays. Plant samples collected in 2013 and 2014 were divided for both qPCR and RPA testing. A total of 115 plant samples were evaluated, 42 in 2013 and 73 in 2014. From the 42 samples obtained in 2013, 36 resulted in positive amplification by the Phytophthora genus RPA assay, of which 29 were also positive for detection of P. sojae using the RPA species-specific assay (Table 3 ). From 73 samples tested in 2014, 34 were positive for detection with the Phytophthora genusspecific assay of which 22 were positive with the P. sojae RPA assay (Table 4) . In both years, P. sansomeana was not detected in any plant samples.
Sensitivity of the RPA genus-and species-specific assays was evaluated in contingency tables in comparison with the qPCR genus assay using the number of true positives (positive for qPCR and RPA) divided by the sum of true positives (positive for qPCR and RPA) and false RPA negatives (positive qPCR, but negative for RPA). Out of 115 samples, the RPA genus assay resulted in an overlap of 70 samples designated as true positives, and only 15 samples designated as false negatives (positive for qPCR but negative for RPA). Results from the RPA genus-specific assay correlated with the qPCR assay 82.4% of the time. There were four samples designated possible false positives (negative with qPCR, and positive with RPA) and 26 were samples designated as true negatives. Out of the 115 samples at the species level, 51 samples were designated as true positives, 34 samples were designated as false negatives, resulting in a correlation between RPA and qPCR of 60.4% for species-specific detection. Both assays coincided in 30 samples being designated as true negatives for the species assay, indicating no issues with specificity.
Discussion
We developed a multiplex hierarchical genus-and species-specific qPCR assay, utilizing the Phytophthora genus assay developed by Bilodeau et al. (2014) , which simultaneously determines if a sample is infected by any Phytophthora spp. in addition to determining if the sample is infected with either P. sojae, P. sansomeana, or both. The assay is specific to these two species as tested against a panel of 110 different Phytophthora taxa (including valid and provisional species) and other oomycete species that could be associated with roots of soybean plants. In addition, the assay exhibited a high sensitivity consistently detecting as little as 100 fg of P. sojae or P. sansomeana DNA. The assay also includes a plant mitochondrial internal control to determine if the presence of PCR inhibitors could inhibit amplification, thereby controlling for failed amplifications. To allow the use of this assay on soil samples, an artificial internal control was added to the master mix to monitor the effect of PCR inhibitors on amplification efficiency as reported by Bilodeau et al. (2012) . Furthermore, the qPCR assay was cross-validated on different platforms in laboratories in Michigan and California, demonstrating the transferability of the assay.
The selection of the DNA target plays an important role in assay sensitivity and specificity, and in this case, the mitochondrial region between the atp9-nad9 was identified as harboring enough variation to generate species-specific probes for different Phytophthora spp. (Bilodeau et al. 2014; Miles et al. 2015 Miles et al. , 2017 . Both TaqMan probes, primers, and RPA primers have already been validated for this mitochondrial locus, which will allow us to utilize this atp9-nad9 marker system on a variety of crops outside of soybeans as demonstrated by Miles et al. (2017) . In comparison with other assays that target multicopy genes or genomic regions like rDNA in fungal pathogens (Bilodeau et al. 2012; Schena et al. 2013; , the current assays targeting the mitochondrial DNA are very sensitive due to the presence of multiple mitochondria per cell; however, it is unknown if there is consistency in the numbers of mitochondria per cell during different phases of plant infection and survival in soil; this should be evaluated further prior to using this locus for pathogen quantification. The LOD was calculated for all assays where C t = 28 for the genus-specific marker and C t = 31 to 32 for the respective species-specific markers. Previous research with the atp9-nad9 Phytophthora marker system and working with other species has shown that the LOD can vary with the genus-specific C t value being as high as 33.1 (i.e., for P. ramorum) and the species-specific C t value being as high as 35.7 (i.e., P. ramorum) (Miles et al., unpublished) .
The use of the multiplex qPCR resulted in the detection of P. sojae in soybean plants collected from 33 out 39 fields. While the sampling was targeted toward Phytophthora stem and root rot symptomatic fields, it agrees with the broad presence of P. sojae reported in other studies (Dorrance et al. 2016) . With respect to P. sansomeana, fields in Arkansas, Indiana, and Illinois were designated as positive, which highlights the distribution of this recently described species. The tools reported in this study will be of great help to confirm the presence and impact of P. sansomeana in soybean and corn fields, since reports of its recovery in some states, like Wisconsin, are increasing (Phibbs et al. 2014) . In 2013, isolations of P. sojae from symptomatic plants were performed and results corroborated the qPCR detection. There were four cases out of five where P. sojae was not isolated, but it was detected with the qPCR assay. These results provided support for the reliability of the assay, and reinforced the advantage of using molecular diagnostics to establish the presence of pathogen. The plant internal control was amplified from all plant tissue DNA extractions, reducing the likelihood that inhibitors were preventing amplification. However, this type of internal control does not evaluate the influence of PCR inhibitors on amplification efficiency, so it is possible that pathogen detection was impacted if pathogen target DNA was present at low amounts, resulting in false negatives. Samples that were positive for the qPCR genus assay, but negative for the species-specific qPCR assay, were sequenced to determine the if there were issues with specificity; the resulting sequences were negative for P. sojae and P. sansomeana, confirming the specificity of the assay.
In addition to the field samples reported in the current study, the multiplex qPCR assay was also used on diagnostic samples submitted to and in collaboration with the Michigan State University Diagnostic Laboratory (data not shown). Four samples were subsampled and processed into three different tissues (tap root, lateral roots, and stem) and analyzed in the CFX-96 (Bio-Rad platform). From these, two samples were positive for both pathogens. The processing of these samples by tissue type (tap root, lateral roots, and stem) demonstrated a trend where P. sojae infected primarily stem and lateral roots, while P. sansomeana infected tap roots (data not shown). This preliminary data suggests spatial variation on the infection of these pathogens; however, this requires further evaluation. The availability of these tools can be used in conjunction with microscopy to track the pathogen infection as reported in other pathosystems (Martín-Rodrigues et al. 2013) .
When evaluating soil samples with the qPCR assay, it was apparent that additional template cleanup was needed to eliminate the influence of PCR inhibitors on the sensitivity and accuracy of data collection. Amplification of the internal control was inhibited in many soil samples following DNA extraction with just the FastDNA SPIN kit; diluting samples 1:10 improved amplification for many but not all templates. Subsequent purification of DNA extracts with paramagnetic beads further improved amplification (reduced C t closer to what was observed for amplification without added soil extracted DNA) for nearly all samples. The improvement in the amplification was also observed for the internal control, where in most cases there is a reduced cycle threshold that indicates better amplification conditions. Additional research on techniques to improve the quality of the extracted DNA will likely improve the sensitivity of the described assays. Other problems with developing molecular techniques for quantification of soilborne pathogens include ensuring the pathogen propagules have been disrupted in the DNA extraction procedure and that the field sampling strategy is adequate to ensure enough of the pathogen has been recovered to be detected and reflects pathogen distribution within the field. It is possible that oospores were recalcitrant to DNA extraction and further procedures are necessary to increase DNA yield; however, the extraction technique used in this experimentation was similar to what was reported for disruption of microsclerotia of Verticillium dahliae (Bilodeau et al. 2012) .
Given the nonrandom distribution and low inoculum densities of many soilborne pathogens, developing a procedure to collect a representative sample from the field and economically process more than 500 mg of soil at a time should improve assay sensitivity and reliability for estimating pathogen propagule density. The use of larger amount of samples could improve the detection since P. sojae may be present in a low density in the soil and plant tissue, leading to the requirement of sophisticated enrichment and isolation methods to improve the recovery of this pathogen (Dorrance et al. 2008) . Soil type and composition may also influence subsequent purity of the DNA samples and may require additional screening of extraction procedures (Bilodeau et al. 2012; Okubara et al. 2005) . Although C t values from most soil samples evaluated in the study were above the LOD determined by DNA standard curves (thereby limiting data interpretation for estimation of propagule density), some level of amplification was observed for many samples suggesting the pathogen was present but at low inoculum density. Following the above noted considerations for assay optimization, assays should also be optimized to improve pathogen DNA yield, since it has been observed that increased concentration of pathogen propagules does not ensure higher extraction and detection efficiency (Chilvers et al. 2007) .
A rapid isothermal molecular assay was also developed based on the same mitochondrial locus, to discriminate between P. sojae and P. sansomeana. Using an established Phytophthora genus assay developed by Miles et al. (2015) , a hierarchical approach was also used to diagnose field samples, validating the use of this novel technology to establish the presence of pathogen in plant samples directly in the field. The sensitivity of the RPA assays was around 1 pg of total DNA from both pathogens, exhibiting high specificity, as evaluations against a panel of Phytophthora spp., Pythium spp., and Phytopythium resulted in no amplification of the nontarget species.
The RPA assay was not as sensitive as previously reported. Lot variability in fluorometric RPA exo kit amplification was observed over the course of these experiments, and during this process we identified several factors that impacted assay performance. While Miles et al. (2015) reported sensitivities between 200 and 300 fg of DNA, the experiments reported in this manuscript show sensitivity of 1 to 10 pg. After discussions with the manufacturer, one factor influencing performance is likely changes in formulation resulting in changes in the ratios of enzymes involved in amplification in the current kits available. To overcome the changes in chemistry, additional optimization of assay conditions to improve detection sensitivity should be conducted. The approaches could encompass magnesium to optimize amplification conditions and DNA concentration. For example, preliminary data showed that increasing the magnesium concentration in the P. sojae RPA assay improved amplification sensitivity. Currently, there are two manufacturers of RPA kits (Twistdx Inc. and Agdia Inc.) creating products with different overall reaction volumes (50 and 25 ml, respectively). Limited field samples from the current study were also evaluated with Agdia Inc. kits, and these produced consistent results (data not shown).
The reduced sensitivity is likely the reason for false negatives in the RPA assay when qPCR results were positive. Many of these samples had a high Ct in the qPCR assay indicating a low pathogen DNA concentration. To overcome some of these issues, we suggest the comparison of different amounts of tissue for extraction or adding a larger amount of sample extract to the amplification reaction. The sample handling and extraction conditions were also different in the current study compared with Miles et al. (2015) ; due to time limitation and the number of samples to process, the tissue used for RPA amplification was placed fresh into a freezer at -20°C and removed at a later time for maceration in buffer, whereas in Miles et al. (2015) the tissue was macerated fresh. It is possible that during the slow freezing and subsequent thaw step prior to maceration that some of the target DNA may have been degraded, which would reduce detection sensitivity. Trials processing samples fresh, flash freezing in liquid nitrogen, or freeze-drying may provide more optimal conditions for pathogen DNA extraction. Nonetheless, the RPA assay was designed to be used in the field, therefore there is no need for freezing or drying plant material.
The primer development for RPA is also critical in assay optimization, and although this is not well characterized, different primer lengths may help to improve the assay performance (Boyle et al. 2014) . We observed that different primer lengths had different behavior on the two species. For example, in our case P. sojae with the 29-mer primer assay had a faster amplification than the P. sansomeana assay with a 35-mer primer, but both of them were the best among the primers tested. The primers developed in this study in conjunction with primers from other studies will be important to develop criteria and guidelines for optimal RPA primer design and reaction conditions. Both qPCR and RPA assays were validated with soybean samples collected in commercial fields in 2013 and 2014, demonstrating the applicability of the assays to detect Phytophthora in soybean fields. While the RPA assay demonstrated similar levels of detection at the genus level, the sensitivity at species level detection was lower. In addition, Miles et al. (2017) developed primers that allow the sequencing of amplicons in positive samples or those that result in amplification on either the qPCR or RPA assay. The fragment could be aligned to the atp9-nad9 sequences (Bilodeau et al. 2014; Miles et al. 2017) , facilitating the identification of the potential Phytophthora spp. As previously noted, further optimization of sample processing (using larger amounts of fresh tissue) should improve the sensitivity of the RPA assay. The fact that different parts of the plant were processed for the qPCR and RPA assays may have also contributed to inconsistencies in results when comparing these two assays. Nevertheless, the rapid detection of the isothermal assay provides a tool with the potential to diagnose field samples on site in just 20 to 40 min and to be more sensitive than culture based techniques. The results obtained with field samples using the P. sojae RPA assay indicate the utility of the method in comparison with the qPCR assay. The RPA assays are more tolerant of inhibitors, and as such crude extract rather than purified DNA can be used as template (Craw and Balachandran 2012) . For instance, food and tissue samples processed with isothermal techniques, such as RPA, have demonstrated consistent amplification when compared with real-time quantitative PCR, which is affected by different inhibitors present in the samples (Kim and Lee 2016) . In addition, the availability of different and inexpensive platforms, such as the portable and battery operable BioRanger (formerly Smart-DART; Diagenetix Inc.), facilitates the rapid and robust detection of pathogens directly in the field (Jenkins et al. 2011) .
The qPCR and RPA assays were presented in a diagnostician workshop as part of the North Central-APS meeting in 2015, and the assays were demonstrated and used by a variety of diagnosticians and researchers (Wang et al. 2016) . In addition, a webcast was recorded on the Plant Health Management Network, where both qPCR and RPA assay basics and the development of P. sojae and P. sansomeana assays were discussed (Rojas 2016) . These tools will help diagnostic clinics and researchers throughout soybean growing regions to identify more quickly and accurately P. sojae and P. sansomeana. The Phytophthora species-specific qPCR and RPA assays presented in the current study allow the accurate, sensitive, and specific detection of P. sojae and P. sansomeana within the limits of the corresponding technology. Using molecular detection tools more routinely will provide clearer insights into the epidemiology of P. sojae and P. sansomeana, and it will open new avenues for the study of the infection process of these pathogens and the effect of management strategies on the abundance of these Phytophthora spp. In addition, coupling these tools with isolation data might help us identify new Phytophthora spp. that have a detrimental effect on soybean, corn, and other crops or the identification of potential host specific forms of P. sansomeana.
